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Dark-adapted full ﬁeld electroretinogram (ERG) and visual receptive ﬁeld thresholds (recorded from the superior colliculus) were
correlated in a model of retinal degeneration, the Royal College of Surgeons rat. In both untreated and retinal pigment epithelium
cell transplanted rats, optimal correlation was between b-wave amplitude and preserved visual ﬁeld area with thresholds under a
deﬁned level.
The work shows that the magnitude of the b-wave can be used to predict the computed area and degree of visual ﬁeld preser-
vation recorded in the central nervous system. These observations validate using ERG to assess residual visual function and the
eﬀect of transplantation.
 2003 Elsevier Ltd. All rights reserved.
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Retinitis pigmentosa (RP) and age-related macular
degeneration represent the main causes of blindness,
worldwide, for which there is presently no eﬀective
treatment (for recent reviews see la Cour, Kiilgaard, &
Nissen, 2002; Rivolta, Sharon, DeAngelis, & Dryja,
2002). Experimental animal models are being used to
understand the disease process and formulate thera-
peutic strategies (for a recent review see Chader, 2002).
Among these models, the Royal College of Surgeons
(RCS) rat has been one of the most extensively charac-
terized following the original studies by Bourne,
Campbell, and Tansley (1938) and Dowling and Sidman
(1962). A critical aspect in such experimental studies is
the need to use functional assessments of vision that
have relevant analogies with clinical diagnostics.
The standard clinical assessments of retinal function
include the electroretinogram (ERG) to full ﬁeld stim-
ulation and static visual ﬁeld perimetry. Despite the* Corresponding author. Tel.: +1-801-585-2475.
E-mail address: yves.sauve@hsc.utah.edu (Y. Sauve).
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doi:10.1016/j.visres.2003.08.015numerous studies on how ERG can predict the level of
vision, its relationship with perimetry remains unclear.
Several studies have pointed to the poor correlation
between ERG parameters and size of remaining visual
ﬁeld (Arden et al., 1983; Fahle, Steuhl, & Aulhorn, 1991;
Massof et al., 1984), and there have been reports that
patients with some level of visual function have ﬂat
ERGs (Sieving, 1999). Then again, other reports show
strong correlations between ERG and ﬁeld size (Birch,
Herman, deFaller, Disbrow, & Birch, 1987; Iannaccone
et al., 1995; Sandberg, Weigel-DiFranco, Rosner, &
Berson, 1996; Yagasaki, Jacobson, Apathy, & Knigh-
ton, 1988).
The ERG has been studied in detail in rodents (for a
review see Nusinowitz, Ridder, & Heckenlively, 2002)
and uses virtually identical procedures to those em-
ployed in patients. In contrast, there is no possibility of
using precision human perimetry testing regimens in
rodents: rats cannot ﬁxate a LED and press a button
upon noticing a small spot in their peripheral visual
ﬁeld. However, analogous data can be collected by re-
cording visual responses at speciﬁc sites in the superior
colliculus (where over 95% of retinal ganglion cells send
direct projections): relative visual thresholds can be
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reliable point-to-point assessment of retinal function.
Using this approach, we are in a position to explore
possible correlations between ERG parameters and
retinal sensitivity across the visual ﬁeld in rodents and
here we have used the RCS rat, both unoperated
and after cell transplantation to limit the progression of
photoreceptor degeneration.
The dystrophic RCS rat undergoes progressive pho-
toreceptor degeneration due to a primary defect in ret-
inal pigment epithelium (RPE) cells (D’Cruz et al.,
2000). In pigmented RCS rats, most photoreceptors are
lost in the ﬁrst three months of life (Eisenfeld, LaVail, &
LaVail, 1984). Elevations in visual thresholds become
apparent by one month of age; from then onward,
thresholds progressively increase until a plateau is
reached at 6–8 months (Sauve, Girman, Wang, Law-
rence, & Lund, 2001). By contrast, two photoreceptor-
driven ERG parameters (the a-wave and b-wave)
disappear very early in the progress of the disease––by
50 and 100 days respectively (Bush, Hawks, & Sieving,
1995). The uniform progress of anatomical and func-
tional deterioration makes it possible to investigate the
correlations being examined here. Preventive subretinal
transplantation of healthy RPE cell lines, performed in
rats younger than a month of age, can lead to a signif-
icant degree of visual ﬁeld preservation, which persists
for at least 8 months of age (Coﬀey et al., 2002; Lund
et al., 2001a, 2001b; Sauve, Girman, Wang, Keegan, &
Lund, 2002). Sham injections also result in rescue al-
though the area and degree of preservation is signiﬁ-
cantly smaller. Previous studies using corneal ERG
recordings have provided indications of change follow-
ing therapeutic intervention (Jiang & Hamasaki, 1994;
Machida et al., 2001; Vollrath et al., 2001; Yamazaki
et al., 2002), but without any systematic correlation with
other parameters of vision, the interpretation of the
changes are sometimes hard to make.
The purpose of this study was to examine the rela-
tionship between ERG and perimetry-like parameters
achieved by recording multiunit responses in the SC
during the course of photoreceptor degeneration and
after using a therapeutic intervention, cell transplanta-
tion, to slow its progress. With this information, better
indication can be given of the value of using ERG as a
suitable tool in screening eﬃcacy of transplantation as
well as other similar therapeutic treatments.2. Methods
2.1. Animals
To avoid complications associated with the poor vi-
sion of albinos, all the work has been done on pig-
mented rats, either dystrophics (RCS rdyþ pþ, n ¼ 63)or non-dystrophic congenics (RCS rdy pþ, n ¼ 16). All
animals used in this study were bred in a colony at the
University of Utah, and maintained under a 12 h light
dark cycle (light cycle mean illumination: 30 cd/m2).
They were housed and handled with the authorization
and supervision of the Institutional Animal Care and
Use Committee from the University of Utah. Every
procedure conformed to the National Institute of Health
guidelines.
2.2. Therapeutic intervention: subretinal transplantation
of a human RPE cell line
Photoreceptor rescue was achieved in dystrophic
RCS rats by injecting a suspension of immortalized
human RPE cells subretinally by a trans-scleral ap-
proach, at 3 weeks of age prior to signiﬁcant elevation in
thresholds across their visual ﬁeld (Sauve et al., 2001).
The cell line used was the spontaneously arising ARPE-
19 line available from the ATCC (American Tissue
Culture Collection; reference number: CRL-2302).
The transplantation procedure was as previously de-
scribed (Lund et al., 2001a; Sauve et al., 2002). Brieﬂy,
36 recipient dystrophic RCS rats were anesthetized with
xylazine–ketamine (1 mg/kg i.p. of the following mix-
ture: 2.5 ml xylazine at 20 mg/ml, 5 ml ketamine at 100
mg/ml, and 0.5 ml distilled water). Eighteen rats received
cells and another 18 had injections of medium alone. All
injections were unilateral: the contralateral eye served as
untreated control. Cultures of ARPE-19 cells were
trypsinized, washed and delivered as a suspension
(2 · 105 per injection) in 2l of Ham’s F10 medium
through a ﬁne glass pipette (internal diameter 75–150
lm) into the eye through a small scleral incision (Sauve
et al., 2002). All animals were maintained on cyclospo-
rine administered in the drinking water (210 mg/l; re-
sulting blood concentration: 250–300 lg/l; Coﬀey et al.,
2002) from 2 to 3 days prior transplantation until sac-
riﬁce (from 5 to 8 months).
2.3. ERG recordings
Following overnight dark adaptation, animals were
prepared for ERG recording under dim red light. Under
anesthesia with a mixture of ketamine (150 mg/kg i.p.)
and xylazine (10 mg/kg i.p.), the head was secured with a
stereotaxic head holder and the body temperature
monitored through a rectal thermometer and main-
tained at 38 C using a homeothermic blanket. Pupils
were dilated using equal parts of topical phenylephrine
(2.5%) and atropine (1%). A drop of 0.9% saline was
applied on the cornea to prevent its dehydration and
allow electrical contact with the recording electrode
(gold wire loop). A 25-gauge needle inserted under the
scalp, between the two eyes, served as the reference
electrode. All animals were tested the day prior to re-
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time points). In the case of animals with transplants and
sham injections, they were tested longitudinally at about
30 day intervals from P31 up to the time of recording
threshold responses in the SC.
Ampliﬁcation (at 1–1000 Hz bandpass, without notch
ﬁltering), stimulus presentation, and data acquisition
were provided by the UTAS-3000 system from LKC
Technologies (Gaithersburg, MD). Recordings con-
sisted of single ﬂash presentations (standard 10 ls du-
ration), with 3–5 presentations to verify the reliability of
responsiveness. For dark-adapted intensity responses,
stimuli were presented at six increasing intensities in one
log steps varying from )3.6 to 1.4 log cd s/m2 in lumi-
nance. Photopic intensity responses (30 cd/m2 back-
ground) ranged from )1.6 to 2.9 log cd s/m2 ()1.6, )0.6,
0.4, 1.4, 2.4 and 2.9 log cd s/m2). To diminish eﬀects of
bleaching, inter-stimuli-intervals (ISI) were increased as
the stimulus luminance was elevated from 10 s at lowest
stimulus intensity ()3.6 log cd s/m2) up to 2 min at
highest stimulus intensity (1.4 log cd s/m2 for scotopic
and 2.9 log cd s/m2 for photopic conditions). The maxi-
mal b-wave amplitude was that obtained during the ﬂash
intensity series, regardless of the stimulus intensity. The
true Vmax from ﬁtting the data with a Naka–Rushton
curve was not used here. Because ERG responses were
often erratic at higher luminance levels in dystrophic
animals and showed tendencies for depressed responses
around 0.4 and 1.4 log cd s/m2 (see Fig. 4) this made
such curve ﬁtting an unreliable exercise.
Criterion amplitudes were established at 20 lV for a-
and b-waves, and at 10 lV for scotopic threshold
response (STR)-like responses. The amplitude of the b-
wave was measured from the a-wave negative peak up to
the b-wave positive apex, and not up to the peak of
oscillations, which can exceed the b-wave apex (see
Nusinowitz et al., 2002).
The ERG protocols used in this study were not de-
signed to systematically harvest the RPE-related c-
waves. In order to quantify c-wave responses eﬀectively,
up to 10–30 responses had to be averaged to give reliable
smooth c-waves. To avoid bleaching at higher illumi-
nations, ISI had to be as high as 2 min. With such a
protocol, data collection would take up to an hour per
intensity, per eye.
2.4. Mapping of visual thresholds
Sensitivity maps were obtained across the visual ﬁeld
by recording multi-unit activity at 76 equidistant sites
encompassing the entire surface of the superior collicu-
lus, as previously described (Sauve et al., 2001). In brief,
under urethane anesthesia (1.25 g/kg, i.p.), the body
temperature was maintained at 38 C, the head held by a
nose bar, the test eye stabilized with three equidistant
subconjunctival sutures attached to the ﬁxation frameand the pupil fully dilated with topical phenylephrine
(2.5%) and atropine (1%). A non-correcting contact lens
protected the cornea from dehydration-induced cloud-
ing.
A translucent hemisphere was positioned in front of
the test eye and illuminated at 0.02 cd/m2 and following
one-hour period of adaptation, multi-unit recordings
were made from the superﬁcial layers of the SC using
glass-coated tungsten electrodes (resistance: 0.5 MX,
bandpass: 500 Hz–5 kHz). The microelectrode penetra-
tions were made along a rectilinear grid of 400 lm steps.
At sites where a response to whole eye illumination was
found, an attempt was made to deﬁne a discrete recep-
tive ﬁeld (RF) position for that unit. The visual ﬁeld was
systematically searched by moving a spot of light (3 in
diameter with luminance of up to 4.5 log cd/m2 higher
than background) across the surface of the translucent
hemisphere. Once a response could be elicited in this
manner, the RF was located and its center deﬁned. The
RF was then illuminated with a ﬂashing light positioned
at its center (spot of 3 diameter with 1 s duration at 3 s
intervals). Neutral density ﬁlters were added progres-
sively (minimal steps of 0.1 log ﬁlters; unﬁltered stimulus
was 4.5 log illumination above background) to establish
the minimum illumination required to elicit a response,
which was taken as the relative visual threshold ac-
cording to the above described background adaptation.
Response onset required a minimum of one more spike
per 5 ms bins than the highest bin within 100 ms pre-
stimulus. Electrophysiological testing was performed in
a blind manner, with animals from diﬀerent groups in-
terspersed.
Dystrophic RCS rats with transplants or sham in-
jections were studied longitudinally using ERGs from
age P31 and then sacriﬁced at the time of SC mapping,
starting at P150, then P180 and ﬁnally P200–220; n ¼ 6
per group per time point. Due to the invasive nature of
threshold mapping across the SC, these experiments
were terminal, and never recovery procedures. There-
fore, each animal was studied at a single time point. In
the case of untreated dystrophic RCS rats, 27 animals
were used for terminal SC mapping at time points en-
compassing P21 up to P180. In addition, six congenic
non-dystrophic RCS rats were used for ERG recordings
along this period.
2.5. Statistics
Error values accompanying averages were expressed
as standard errors of the mean (SEM). Comparisons
between two groups were made using: (1) Student t-test
when data followed normal distributions; and (2)
Mann–Whitney U -test when data did not follow a
normal distribution. The level of correlation between
ERG parameters and visual ﬁeld area was evaluated
based on the coeﬃcient of determination (r2) calculated
(a) congenic (b) dystrophic
P21 P21
12 Y. Sauve et al. / Vision Research 44 (2004) 9–18using Pearson correlation coeﬃcient. The probability
level at which the Null Hypothesis was rejected is rep-
resented as the value ‘‘p’’; statistical signiﬁcance was set
at p < 0:05.(c) Dystrophic + hRPE
P150 P28
P51P51
P100 P100
P180 P180
Fig. 2. Decline in ERG responsiveness during the course of retinal
degeneration and the preventive eﬀect of human cell lines. Examples
were taken from ERG traces giving maximal b-wave amplitude during
intensity response tests: in cases in which b-waves were no longer ev-
ident, traces show responses with maximal STR-like waves (see panel b
at P100). Panels: (a) congenic at P21, P150 (upper left column); (b)
untreated dystrophic RCS rats at P21, P28, P51, P100, P180 (right
column); (c) dystrophic RCS rats with human cell line transplants,
recorded at P51, P100, and P180 (lower left column). Scale bars: ver-
tical¼ 500 lV; horizontal¼ 500 ms.3. Results
3.1. Dark-adapted full ﬁeld ERG
The progressive deterioration in ERG responsiveness
is illustrated in Fig. 1 as changes in a- and b-wave am-
plitudes with age (see Fig. 2 for representative examples
of ERG traces). By the time of completion of visual
system maturation, at age P21, all dark-adapted full
ﬁeld ERG parameters were comparable to those of non-
dystrophic congenic RCS rats. A week later, signs of
deterioration were already obvious: by P28, there were
considerable reductions in a- and b-wave amplitudes
(over 50% loss) and slight prolongations in their implicit
time (not illustrated). Amplitudes decreased to criterion
response levels by P51 for the a-wave and P80–100 for
the b-wave. Oscillations tended to be associated with the
presence of an a-wave and vanished by P51. The visually
driven ERG component that persisted the longest, up to
P180, consisted of a slow negative deﬂection reminiscent
of the STR.
Subretinal transplantation had a sustained eﬀect on
several components of the ERG. The most signiﬁcant
eﬀect was on preservation of the b-wave, which could be
recorded for as much as 100 days longer than in un-
treated animals, i.e. P180–220 (Figs. 2(c) and 3(right
panel)). In addition to its prolonged persistence fol-
lowing transplantation, the b-wave showed signiﬁcantly
higher amplitudes than in untreated dystrophic rats.
This was already evident 10 days post-transplantation,
i.e. by P33. Statistically signiﬁcant diﬀerence relative to0
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Fig. 1. Progressive loss of ERG responsiveness in untreated dystrophic
RCS rats. The graph shows the maximal ERG a-wave (white circles)
and b-wave (black circles) amplitude as a function of age. While values
compare to that of non-dystrophic congenic RCS rats at 21 days, they
rapidly fall within 30 days, approximating criterion amplitude (20 lV)
by 50 and 100–120 days for a- and b-wave, respectively.
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Fig. 3. Progressive loss of a- and b-wave amplitudes with age in dys-
trophic RCS rats and the preventive eﬀect of transplantation. Ages
presented start from P28. Left panel: a-wave; right panel: b-wave.
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Fig. 4. Preservation of b-wave amplitude at P51, four weeks post-
transplantation (circles) in comparison with untreated (squares) and
sham-injected (triangles) eyes; n ¼ 8 per group; error bars represent
SEM. Statistical signiﬁcance between transplant and sham-operated
eyes was seen at )0.6 log cd s/m2 (p ¼ 0:01).
0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
0 50 100 150 200
age (days)
th
re
sh
ol
d 
(c
d/
m
2 )
0
20
40
60
80
100
0 50 100 150 200
age (days)
%
 o
f v
is
ua
l f
ie
ld
 a
re
a
(a)
(b)
Fig. 5. Threshold responses recorded across the superior colliculus: (a)
progressive elevation of threshold with age in untreated dystrophic
RCS rats; threshold is presented as averages of individual RF
thresholds; (b) progressive reduction of visual ﬁeld area having
thresholds lesser than 2.5 log cd/m2 over low mesopic background
(0.02 cd/m2).
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Fig. 4 shows b-wave amplitudes from intensity response
tests for various groups at P51. In addition to the
transplant eﬀects, sham operation also led to preserva-
tion of b-waves. This sham-related eﬀect tended to be
weaker and more variable, which might explain the
absence of statistically signiﬁcant diﬀerences between
data from sham-operated and untreated eyes.
Transplantation also preserved a-wave responses al-
though less consistently so (Fig. 3(left panel)). There was
a signiﬁcant preservation of the a-wave amplitude at
P51, when transplanted eyes were compared with un-
treated eyes, but sham operations were equally suc-
cessful in preserving the a-wave at this time point.
Statistical diﬀerence between transplanted and sham-
operated eyes was achieved by P100–120, at which time
a-waves were reliably recorded in ﬁve of the 11 trans-
planted eyes. No a-waves were recorded in age-matched
sham-operated eyes.
STR-like responses appeared later in experimental
groups (around P120) than in untreated rats (around
P80). They also persisted slightly longer (up to P220),
than in untreated eyes (up to P180).3.2. Visual ﬁeld thresholds recorded across the superior
colliculus
Fig. 5(a) illustrates the progressive elevation in visual
thresholds with age in untreated dystrophic RCS rats.
Threshold values represent the average of thresholds
from up to 76 respective RFs encompassing the whole
visual ﬁeld. In order to quantify the area of visual ﬁeld
preservation, another way of presenting this data, is to
designate a threshold cut-oﬀ, and to plot the area of the
visual ﬁeld having thresholds under this cutoﬀ, at vari-
ous ages. Fig. 5(b) shows in unoperated dystrophic rats
the progressive reduction with age of visual ﬁeld areacontaining RFs with thresholds under 2.5 log cd/m2
above background.
Subretinal transplantation led to a signiﬁcant pres-
ervation of visual ﬁeld area. Sham injections also re-
sulted in lower thresholds than in untreated RCS rats:
however, the area of rescue was more localized than
following transplantation, being conﬁned to the region
of the trans-scleral injection site. The diﬀerent outcome
of transplant versus sham operation is illustrated in Fig.
6, which shows examples of threshold maps recorded
across the whole SC, at 6 months of ages in all four
animal groups studied: (a) non-dystrophics, (b) un-
treated dystrophics, (c) sham-operated dystrophics, and
(d) transplanted dystrophics. These diﬀerences in the
area of visual ﬁeld preservation are expressed quantita-
tively in Fig. 7, which shows the percentage of visual
ﬁeld with RFs having thresholds at progressively higher
cutoﬀ levels. This histogram represents data from
threshold maps recorded at 6 months of age in both
experimental groups (sham and transplant operated,
n ¼ 6 respectively). Starting from 4.5 log, the lower
the cutoﬀ the more signiﬁcant was the diﬀerence be-
tween the two groups: however, this diﬀerence became
(a) (b)
(c) (d)
Fig. 6. Examples of maps at 6 months time point for (a) non-dystro-
phic, (b) untreated dystrophics, (c) sham-injected, and (d) transplant-
injected eyes. Top and right respectively correspond to the retinotopic
representation of the dorsal and temporal retina. Legend: white < 1;
pale gray¼ 1–1.9; dark gray¼ 2–2.9; and black¼ 3–4.5 log cd/m2 ele-
vation in threshold above background.
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few points were recorded with such low threshold ele-
vations (window of signiﬁcance: between 2.0 and 3.5 log
cutoﬀs, with highest signiﬁcance at 3.0 log).Fig. 9. Correlation between area of visual ﬁeld preservation and
maximum b-wave amplitude following transplant injection to dystro-
phic RCS rat eyes. Note the weaker correlation as compared with data
from untreated dystrophic RCS rats. The best correlation was ob-
tained using 3.0 log elevation as cut-oﬀ, r2 ¼ 0:601.3.3. Correlation between ERG and visual ﬁeld thresholds
Fig. 8 shows the relationship between the area of vi-
sual ﬁeld preservation at various visual threshold cutoﬀsand the corresponding b-wave amplitude in untreated
dystrophic RCS rats. These graphs reﬂect data from
animals aged between 28 days up to P100–120, i.e. the
maximum time points at which b-waves can still be
elicited in dark-adapted untreated RCS rats. Relation-
ships approximating a linear ﬁt were obtained using
cutoﬀs of 1.5 and 2.0 log units. Most of the data un-
derlying this linear relationship consisted of b-waves
higher than 100 lV, which came from animals of up to
P51 of age (see Fig. 1). Use of higher cutoﬀs gave pla-
teaux. For instance, b-waves higher than 100 lV corre-
sponded to a state in which most points across the visual
ﬁeld had thresholds under 2.5 log unit elevation.
It should be noted that in the case of animals with
transplants or sham injections, the earliest visual ﬁeld
thresholds mapping was done at P150. In all cases, the b-
wave maximal amplitudes were always under 100 lV.
Between P150 and P180 of age, the corresponding b-
wave amplitudes ﬁtted best with visual ﬁeld area having
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Fig. 10. ERG b-wave as a predictor of the extent of the area of visual
ﬁeld preservation after transplantation (recorded at 6–7 months of
age). Eyes for which b-waves could be recorded (white bins) are as-
sociated with more extensive visual ﬁeld preservation than in eyes with
no b-wave response (black bins). Extent of visual ﬁeld preservation (%
of area) in function of visual thresholds. Cut-oﬀ of 2.5 log leads to the
most signiﬁcant discrimination between b-wave responsiveness or not.
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0:0011, Fig. 9).
Between P180 and P220, b-wave amplitudes tended to
be under 50 lV. Since the criterion amplitude was 20
lV, this limited the operational range for variance to 30
lV and as a result, no correlation could be recorded
between b-wave amplitude and area of visual ﬁeld
preservation. However, those retinae in which a b-wave
could be recorded had more extensive visual ﬁeld pres-
ervation than retinae without b-waves (Fig. 10). Signif-
icant diﬀerences between groups with and without
b-waves were seen using threshold cutoﬀ from 1.5 up to
3.5 log unit threshold elevation; optimal diﬀerence was
obtained at 2.5 log units (p ¼ 0:0023).4. Discussion
4.1. Summary of the results
The results show that ERG b-wave responses elicited
by full ﬁeld stimulation provide a reliable indicator of
the level of retinal function in RCS rats both during
normal deterioration and after rescue by transplants.
The size of the b-wave correlates with threshold levels
and area of visual ﬁeld rescue recorded from the SC.
However, ERG responses, recorded under the present
conditions, can be elicited only within a limited sensi-
tivity range and they are ineﬀective in detecting activity
associated with higher threshold responses. This is in
accord with clinical studies where vision may still be
present but an ERG response is no longer recordable
(Sieving, 1999). In transplant studies, our results would
suggest that a small area with preserved low visual RF
thresholds, even though serving as a substrate for ef-
fective vision, might nevertheless be undetectable withstandard full ﬁeld ERG records. This would explain
some of the ambiguity associated with previous reports
of photoreceptor rescue with transplantation, which
resulted in uncertain or negative corneal ERG responses
to full ﬁeld stimulation (Jiang & Hamasaki, 1994; Ya-
mamoto, Du, Gouras, & Kjeldbye, 1993). Providing a
correlation with another measure of visual function
validates the value of full ﬁeld ERG for screening the
eﬃcacy of transplantation, and deﬁnes its limitations in
predicting the degree of central visual responsiveness.
In non-dystrophic rats, ERG and threshold records
do not change signiﬁcantly over the time frame studied
(P21–180). In untreated dystrophic rats, the ERG a-
wave disappears by 51 days and the b-wave between 80
and 100 days of age, preceding by several months the
loss of visual responsiveness recorded in the superior
colliculus, which occurs by around 180 days of age. This
suggests that the two measures have diﬀerent thresholds.
When exploring whether any parameter of the ERG
might show a relationship with threshold measures, the
best correlation is found with b-wave amplitude. The
maximal b-wave amplitude correlates with the area of
visual ﬁeld in which thresholds are less than 2.5 log el-
evation over background; this correlation holds only for
data collected from animals of up to 100 days of age,
since b-waves are no longer reliably recorded after.
Preventive transplantation is eﬀective in prolonging
both ERG b-wave and visual RF responsiveness. ERG
b-waves can be elicited up to 180 days of age and RFs
mapped over part of the visual ﬁeld up to 220 days of
age. Including data from P150 to P180, the optimal re-
lationship is obtained using 3.0 log elevation as the cut-
oﬀ for RF area; however, the correlation between ERG
and perimetry-like parameters is weaker than in un-
treated dystrophic rats.
4.2. ERG responses
Quantitative correlation is best achieved using b-wave
amplitudes, although other components of the ERG
response are aﬀected by the progressive degeneration
and by preventive transplantation. Interpretation of
these changes depends on analysis of each component of
the ERG waveform. As described previously (Bush
et al., 1995), there is rapid loss of the a-wave over the
ﬁrst 50 days of life, which precedes the anatomical loss
of rods (LaVail, Sidman, Rausin, & Sidman, 1974).
While this may reﬂect loss of rod responses, there is
some evidence for a small cone contribution to the a-
wave in rodents (Lyubarsky et al., 2002; Nixon, Bui,
Armitage, & Vingrys, 2001). This clearly is signiﬁcant in
the present work where we ﬁnd preservation of a-wave
responsiveness after transplantation up to as much as 3
months of age. Does this reﬂect continued rod activity
or a small cone response? Results obtained in untreated
dystrophic RCS rats indicate an early loss in rhodopsin
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point to elevated threshold responses to a test spot even
at 23 days of age (Perlman, 1978); both would suggest
early compromise of rod function. Light adaptation
curves after transplantation (Girman SV, ARVO Ab-
stract #482, 2003) give no indication of preservation of
low threshold responses (for backgrounds at least 2 log
lower than used for tectal mapping here) suggesting that
despite anatomical rescue of rods in such retinae, rod
function may still be compromised. The remaining b-
wave is presumed to be largely if not uniquely cone re-
lated and this contention is supported by ongoing work
(Y. Sauve et al., unpublished observations) using an
adapting ﬂash to bleach the retina prior to the test ﬂash.
While direct analysis of anatomical rescue and threshold
responses have not been made in this study, previous
work has shown that the density of cells in the outer
nuclear layer (ONL) should be in the order of 70 cells/
700 lm (equivalent to approximately 2 cells thickness in
the ONL) for 2 log elevation in thresholds (Sauve et al.,
2002). Many of such ONL cells have the anatomical
features of rods and the incidence of cones in rat retinae,
of around 0.85% (Szel & Rohlich, 1992) is too low to
account for these surviving cells. It appears therefore
that remaining rods might be dysfunctional.
Among other ERG components aﬀected by the pro-
gressive degeneration and preventive transplantation are
the negative-going PIII and STR. In intact rats, PIII
threshold is approximately 3 log units higher than that
of the STR (Bush et al., 1995). The PIII component can
also be elicited under higher background illumination
than the STR, such as under photopic conditions.
Therefore, PIII and STR can be reliably diﬀerentiated
from each other based on the above-mentioned diﬀer-
ences. A negative wave referred to as PIII has been used
in a previous study (Jiang & Hamasaki, 1994) as a
quantitative assessment of transplant-mediated retinal
rescue in RCS rats. However, following retinal degen-
eration, due to uneven variations in thresholds from
various ERG components, distinction between these
components can only be reliably achieved through
pharmacological intervention (Bush et al., 1995; Naa-
rendorp, Sato, Cajdric, & Hubbard, 2001).
In the absence of background illumination, the STR
is seen as a slow negative potential with the lowest visual
thresholds of all ERG components (Frishman & Siev-
ing, 1995). Based on pharmacological manipulations,
the STR has been associated with activity from cells
located in the proximal retina such as retinal ganglion
cells and amacrine cells (Naarendorp et al., 2001). Using
similar pharmacological approaches, Bush et al. (1995)
have shown that the STR persists in aged RCS rats, at a
time when no other components can be elicited. Our
results support these ﬁndings: STR-like responses were
the last ERG events preserved, regardless of the exper-
imental group. The STR has been used as an indicatorof visual function (Vollrath et al., 2001): however, in our
hands, preservation of a waveform analogous to this
component alone (at ages when the b-wave had van-
ished) does not correlate with the level of visual ﬁeld
preservation. A possibility, although purely speculative,
could be that the STR-like wave in aged RCS might
reﬂect phototransduction intrinsic to retinal ganglion
cells (Berson, Dunn, & Takao, 2002; Hattar, Liao,
Takao, Berson, & Yau, 2002), which could be modu-
lated by loss of normal photoreceptor input.
4.3. Threshold responses
A comprehensive study of visual thresholds in RCS
rats has been published elsewhere (Sauve et al., 2001,
2002). In these as well as the present studies, the relative
threshold responses were measured over backgrounds of
0.02 log cd/m2. The time needed for dark adaptation
would have made it impractical to measure absolute
thresholds and furthermore, it has been pointed out in
comparable studies using the Humphrey Field Analyzer
in humans with RP (Jacobson et al., 1986) that it is
crucial to test sensitivity under conditions that are per-
tinent to the subject’s normal environment. The previous
work validates the applicability of the approach in de-
ﬁning transplant-mediated rescue. Moreover, using this
approach, a relationship was found between cell density
of the ONL and threshold levels (Sauve et al., 2002).
In the present study, this correlation has been taken a
step further, showing that under speciﬁc conditions,
there is also a relation between visual RF thresholds and
ERG b-wave amplitude. The correlation comes at par-
ticular threshold levels. Such correlations have been
explored clinically with widely variant results (Arden
et al., 1983; Birch et al., 1987; Fahle et al., 1991; Ian-
naccone et al., 1995; Massof et al., 1984; Sandberg et al.,
1996; Yagasaki et al., 1988). Best ﬁts have been obtained
when a single mutation is responsible for the deterio-
ration in vision (Sandberg et al., 1996). Since the RCS
dystrophic used here is highly inbred, that condition is
met. One point of concern is that even when protected
by transplantation, both ERG and visual thresholds
show progressive deterioration. This may reﬂect the fact
that xenografts were used and that the immunosup-
pressive regimen may not have been completely eﬀective.
From previous studies, in which animals were treated
identically, an average blood level of cyclosporine of
250–300 lg/l of blood was maintained. However, it re-
mains possible that there could be local ﬂuctuations in
cyclosporine levels, or that cyclosporine might not be
the ideal immunosuppressive agent.
4.4. Correlation of ERG and perimetry results
In the case of transplants, the earliest visual ﬁeld
thresholds mapping was done at P150. Correlations
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waves had amplitudes under 100 lV. In comparison
with correlation curves from untreated dystrophics (with
maps available from a range of ages, the earliest being
P28, and with b-waves of up to 400 lV), this places the
data at the steepest part of the slope, where minor
changes in b-wave amplitudes lead to high variations in
the visual ﬁeld area (see Fig. 8, using 2.5 log threshold
cutoﬀ). Despite the low amplitudes and smaller range of
b-waves in the older rats, the Pearson correlation was
r ¼ 0:775, so r2 ¼ 0:601 which signiﬁes that 60% of vi-
sual ﬁeld area variation (under 3.0 log unit threshold
elevation, as optimal cutoﬀ) is accounted for by varia-
tion in the b-wave amplitude, while the remaining 40% is
of unknown factors. While limiting the range of ERG
amplitudes available has been shown to result in lower
correlations (Sandberg et al., 1996), analysis of low b-
wave amplitudes (1–10 lV), obtained using computer
averaging of multiple traces can still reveal signiﬁcant
correlations with the area of visual ﬁeld preservation in
RP patients (Hood, Shady, & Birch, 1994).
In our study, b-waves were quantiﬁed from single
traces using criterion amplitudes of 20 lV. While this is
a high ﬁgure compared with some studies, lower
thresholds were only achieved when larger numbers of
recordings were averaged. This was not achieved to
obviate complications due to response fragility that can
be seen particularly during degeneration. Under the
conditions of or recording, detectable b-waves vanished
well before the lost of visual ﬁeld responsiveness. Their
occurrence required a minimal area of visual ﬁeld de-
pending on the threshold cutoﬀ. For instance, for cutoﬀs
of 3.0, 2.5 and 2.0 log units, the respective minimal area
had to cover about 50%, 30%, and 15% of the visual
ﬁeld. Maintenance of low-thresholds in a minute area of
the visual ﬁeld (typical in >P150 shams) was not asso-
ciated with detectable b-waves. For example, consider-
ing a sham-operated retina at P180 with 10% of the
visual ﬁeld under 2.0 log, no b-wave could be recorded
in such case, despite obvious rescue eﬀect.5. Conclusion
The results show that measuring the amplitude of the
b-wave provides a good indicator, albeit with limited
sensitivity, of the progress of retinal disease and the ef-
ﬁcacy of transplantation.Acknowledgements
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